We have isolated and characterized a lytic double-stranded DNA Xanthomonas campestris pv. campestris bacteriophage (XTP1) capable of mediating generalized transduction. The phage transduces chromosomal markers at frequencies of 10-5 to 10-6 transductants per PFU. We demonstrated its genetic utility by the isolation and cotransduction of linked transposon insertions to a nonselectable locus, xgl, required for the cleavage of 5-bromo-3-chloro-indoyl-,-D-galactoside and showed that rif and str alleles in X. campestris are 75% linked. One-step growth experiments showed that the latent and rise periods were each 2 h and the average burst size was 35. The DNA genome is approximately 180 kb, presumably modified in a sequence-specific manner, and may be covalently attached to protein(s). Electron micrographs show the phage particle to have an icosahedral head and contractile tail with tail fibers uniquely attached to a location 40 nm proximal from the end of the tail.
Xanthomonas campestris pv. campestris is a gram-negative plant pathogen that causes black rot in crucifers (35) . It is an agriculturally and industrially important organism that produces an exopolysaccharide (EPS) xanthan gum that may contribute to the pathogenesis of X campestris (7, 30) . Xanthan is an important food additive and a viscosifying agent of commercial interest in the oil and food industries (26) .
A major limitation in studying Xanthomonas species is that there is no simple way to move mutations from one strain to another, thus restricting the use of genetic approaches. Until now, the transfer of mutations has been limited to conjugal mating with broad-host-range plasmids (17, 22) , a system that requires the lengthy processes of cloning and marker exchange. A simple means of transferring mutations between strains would simplify genetic approaches with this organism. In particular, bacteriophage-mediated transduction would permit genetic manipulations similar to those possible with other gram-negative bacteria with bacteriophages that allow generalized and specialized transduction. Bacteriophages capable of infecting X campestris have been reported (15, 16, 34) , as have phages specific for related strains (5, 6, 8, 18, 32) . However, none has been shown to mediate generalized transduction.
We present here the isolation and characterization of the first generalized transducing phage for X campestris pv. campestris. We have named this phage XTP1 (Xanthomonas transducing phage no. 1).
MATERIALS AND METHODS
Bacterial strains and media. Table 1 lists the bacterial strains used. All X campestris pv. campestris strains were derived from strain B1459S-4L (S4L). Strain X1231 is a rifampin-resistant (Rif) derivative of S4L containing a 16-kb chromosomal deletion that removes a cluster of genes (gum) required for xanthan biosynthesis (4) . Strains BP302 and BP308 are nitrosoguanidine-induced mutants of strain X77. The xgl locus codes an enzyme that cleaves 5-bromo-3-chloroindoyl-13-D-galactoside (X-Gal) but not o-nitrophenyl-galactoside in vitro. BP108 was generated by transposon mutagenesis. All cultures were maintained on YM media (Difco) plus glucose (YMG). Liquid cultures were routinely grown in Luria-Bertani (LB) medium (27) at 30°C with aeration. Antibiotics (,ug/ml) were added as follows: streptomycin (Str), 25 ; rifampin (Rif), 50; kanamycin (Kan), 30; tetracycline (Tet), 3.
The substrate X-Gal was used at a concentration of 66 jig/ml.
Antibiotics and other chemicals are from Sigma Chemical Company unless otherwise indicated. Restriction endonucleases were from Promega or New England Biolabs.
Mutagenesis. Mutagenesis was performed as described by Miller (19) . A final concentration of 5 ,ug of nitrosoguanidine per ml was required to produce 50% killing of strain X77. TnJO and Tn9O3 insertion mutations were obtained by filter mating Escherichia coli HB101 carrying pRK2013(fQTn903)fQTn1O (10) Transductions. Phage lysates were tested for transduction ability by mixing successive dilutions of the phage stock (1/5, 1/50, and 1/500) (0.1 ml each) with 0.4 ml of an overnight culture of recipient cells and incubating the mixture at 30°C for 15 min. Following the incubation period, 1 ml of lx Vogel Bonner salts (VB) (33) (Gum-) grown in LB broth; A, BP109 (Gum') grown in LB broth; 0, BP109 (Gum') grown in YMG broth. Assays were performed as described in Materials and Methods. Percent unadsorbed phage is the ratio of PFU in the supernatant to the initial PFU times 100. The initial PFU was determined by titering an equivalent dilution of the phage in the absence of host cells.
growth in YMG medium, where xanthan gum production is elevated. Strain X1231 (Agum) does not produce xanthan gum. As shown in Fig. 2 , adsorption of XTP1 to both strains is efficient. In the time necessary to plate the first samples (approximately 1 min), 50% of the phage particles adsorbed to X1231 (Gum-) and BP109/LB (low Gum) cultures. Adsorption was slower in the BP109/YMG (high Gum) culture; only 15% of the phages adsorbed in this same period. After 10 min, adsorption in the YMG culture was comparable to that in the other cultures (Fig. 2) .
Transduction. Table 2 shows XTP1 transduction data for several markers of X. campestris. Transduction frequencies were generally i0-5 to 10-transductants per PFU, and the number of transductants was proportional to the amount of phage used. To be certain that colonies were true transductants, purified putative transductants were shown to have genetic markers unique to the recipient cells. We were initially puzzled that when recipient colonies from the Strr transduction [lysate XTP1 * BP112 (str-9 Rif') x BP109 (nif-1)] were checked for the rif-I allele of BP109, most transductants were Rifs. One possible explanation is that the rif and str alleles are linked in Xanthomonas species. Subsequent transduction of both the nif-and str-9 alleles from a Strr Rif transductant (BP125) to S4L (Rif' and Strs) showed that the alleles are at least 75% linked inXanthomonas species (Table 2, footnote c). c When Strr transductants were screened for Rif, it was discovered that 75% were str-9 nf-1 cotransductants. . Of the 20 transductants tested, only 3 retained the Tetr determinant, demonstrating that the TnlO-10 insertion in BP302 (xgl-4) is 85% linked to the Tn9O3 insertion in BP108 (xgl-59::Tn903). This is consistent with the observed linkage of 90% for the TnlO-10 insertion and the xgl-4 allele and suggests the mutations in BP108 and BP302 are in the same gene or gene cluster.
Physical properties. Electron microscopy of the negatively stained phages showed typical contractile tail phage morphology (Fig. 3) . The phage heads are isometric icosahedral and 102.4 nm in diameter. Close inspection of lysed heads reveals evidence of the head capsomers. The tail is 121.6 nm in length and clearly of the contractile type, showing approximately 30 typical transverse tail striations. It exhibits a strikingly unique phenomenon: at approximately one-third the length of the tail proximal to the distal (baseplate) end, there appears to be a local thickening of the tail sheath with tail fibers emanating radially from this site. From our observation of a number of phages, we have not seen tail fibers originating from the conventional baseplate location at the distal end of the tail. The tail fibers appear to be of the rigid type, with a bend close to the sheath. Images of contracted sheaths clearly reveal the naked tail tube but, in addition, show evidence of an unfurled skirt-like sheath located below the unusual site of the tail fiber origin (Fig. 3b) . There is no evidence of a distinct baseplate structure. In images of isolated tails, a short neck region is seen at the proximal end of the tail (Fig. 3c) .
DNA isolation and characterization. To determine the nature and size of the XTP1 genome, we isolated nucleic acid from lysates. Standard approaches for isolation of nucleic acid from phages, including treatment with proteinase K plus SDS (25) , formamide dialysis (29) , sarkosyl ejection (20) , preconcentration of phage particles with polyethylene glycol and CsCl2 (25) , and techniques developed for X DNA (25) , were unsuccessful. We successfully isolated phage DNA through treatment with 2 M guanidine hydrochloride (GdnHCI) as described in Materials and Methods. The nucleic acid isolated from XTP1 was identified as double-stranded DNA by the following criteria: (i) it stained bright green in the presence of acridine orange according to Bradley's phage nucleic acid staining technique (3), and (ii) it was degraded by RNase-free DNase I but not RNase (data not shown).
We observed that, when banded on CsCl2 step gradients, the XTP1 virions yielded a dispersed band of phages that was sticky and viscous. This suggests that a polysaccharide may be tightly associated with the phage. Since this was seen with lysates prepared on both Gum' and Gum-strains, the putative polysaccharide is not xanthan. When lysates were grown on X campestris pv. phaseoli, the phage particles banded tightly in the gradient, suggesting that the stickiness is due at least in part to a host-encoded function. DNA isolated from virion particles by GdnHCI treatment does not enter agarose gels (data not shown). Two treatments with proteinase K allowed XTP1 DNA to enter an agarose gel. This is indicative of a stable DNA-protein complex (24) and consistent with the finding that phenol extraction resulted in a loss of nucleic acid from the aqueous phase unless the DNA was pretreated with protease K. To determine if the putative bound protein(s) was associated with the 3' or 5' termini of the DNA strands, XTP1 DNA was treated with exonuclease III VOL. 176, 1994 on October 14, 2017 by guest http://jb.asm.org/ Downloaded from (specific for 3' ends) and X exonuclease (specific for 5' ends) (25) . Both exonucleases were able to degrade purified XTP1 DNA, suggesting that neither end was protected.
XTP1 DNA was resistant, to digestion with restriction endonucleases EcoRI, Sall, BamHL, SmaI, PstI,XhoI, and ClaI. It is cleavable by restriction endonucleases SphI, HindIII, XmnI, AatII, XbaI, Kp'nI, HpaI, EcoRV, StuI, NcoIl, and BglII. The size of the XTP1 genome was estimated following AatII digestion and separation of the fragments by agarose gel electrophoresis. The genome is approximately 180 kb (data not shown).
DISCUSSION
We isolated a large double-stranded DNA X campestris bacteriophage (XTP1) that is capable of generalized transduction. Phages that attack different Xanthomonas strains have previously been characterized (34) , but none capable of generalized transduction .have been reported. Xanthomonas phages isolated from soil often demonstrate a broad host range while those isolated from diseased plants often show a limited host range (12) . Since we isolated similar (possibly identical) phages from four different locations in Maryland, we believe that this is a commoii phage for X campestris pv. campestris as well as X. campestris pv.phaseoli. Why this phage has not been previously identified is not known; perhaps it is geographically limited in its natural dispersion.
Phage XTP1 has an unusual tail fiber attachment location approximately one-third of the way up from the distal end of the tail. This suggests that it may have a novel mechanism of attachment and injection of DNA. Interestingly, the contracted tail has a novel skirt-like appendage rather than the normal thickened appearance of a contracted sheath. To our kinowledge, such a structure has not been reported (1, 2) . Its role is unknown.
Single-step growth experiments showed that XTP1 has a typical growth cycle and a burst size of 35 PFU per infected cell. The burst size is smaller than the median of 50 to 100 for tailed phages of enteric gram-negative bacteria and pseudomonads (1). Although adsorption was initially slower in cultures producing an excess of xanthan, overall adsorption rates to Gum' and Gum-cells were similar (Fig. 2) , suggesting that xanthan does not interfere with the phage's life cycle or attachment. This contention is supported by the lack of difference in transduction frequencies for Gum' and Gumrecipients. This finding is in contrast to that with enteric bacteria such as E. coli, in which large amounts of EPS can defend a cell from attack by bacteriophages (9) . Protection against bacteriophage infection may be more pronounced in bacteria that produce capsular polysaccharide, which is technically distinguished from slime, i.e., unattached EPS in its attachment to the cell surface (9) .
XTP1 is the first Xanthomonas phage reported to mediate generalized transduction, and thus it can be useful for the construction of XA campesois strains with different genetic markers. We were able to show that at least five different genetic loci (Table 2) observed that a common theme is a 6-base sequence with 5'-TCGA-3' as bases 2 through 5. It may be that the sequence 5'-TCGA-3' contributes to a phage-specific modification recognition sequence. However, at this time, other explanations such as the lack of these recognition sequences or the incorporation of nucleotide analogs could also account for these findings.
